sex ratio depends on the relative number of loci involved (few vs. many) and their effects on sex-determination (major vs. minor). Mechanisms with few loci have a relatively simple characterization and their evolution can be treated exactly (Bull 1983; Basolo 1994 ). In contrast, polygenic mechanisms are best analyzed using quantitative genetics (Bulmer and Bull 1982) . Likewise, the characterization of the genetic component in systems of ESD depends on whether it is multiple factor (Conover and Kynard 1981; Conover and Heins 1987) or polygenic (Bull et al. 1982a; Janzen 1992) . Bull (1983) lists three criteria that suggest the presence of a polygenic mechanism of sex determination: (1) a large between-family sex-ratio variance; (2) paternal and maternal effects on family sex ratio; and (3) a sex-ratio response to selection. Although these criteria are not found in systems with sex chromosomes, in practice it is difficult to distinguish between multiple factor and polygenic systems of sex determination (Bull 1983 ). Fortunately, quantitative genetics can still furnish a useful description of the short-term evolutionary properties of a sex-determining system as long as the loci are additive in their effects.
The application of quantitative genetics to any sex-determining system requires the investigator to know the mode of control. Under parental control, the clutch sex ratio of the offspring is a parental trait with a relatively continuous distribution between zero and one for large clutches. In contrast, under zygotic control the sex phenotype (female, male) is an offspring trait with a dichotomous distribution (0, 1) that belongs to the offspring. The distinction between the two modes of control is an important one because it dictates the experimental design and the statistical model for estimating quantitative genetics parameters. For example, under parental control, a design with multiple full-sibling clutches provides an estimate of the repeatability of the primary sex ratio (a nongenetic character; Falconer 1989). In contrast, under zygotic control, the same design allows one to estimate the heritability of the primary sex ratio (Bull et al. 1982a ).
In the previous example, the "heritability of the primary sex ratio" is a confusing choice of terminology. Under zygotic control, the primary sex ratio in a family actually represents the expected sex phenotype of all the offspring in that family. By analogy, it would be similarly misleading to speak of the "heritability of the population mortality rate" because the underlying genes are the property of individuals, not populations. To avoid confusion, we will use the "heritability of the primary sex ratio" versus the "heritability of the sex tendency" to distinguish between parental versus zygotic modes of control. Likewise, when referring to systems with zygotic control we prefer the term "sex phenotype" to "clutch sex ratio" because the latter has connotations of parental control.
This study investigates polygenic variation in the primary sex ratio in the harpacticoid copepod, Tigriopus californicus, which inhabits the supralittoral zone of the West Coast of North America. Its splash-pool habitat is characterized by extreme fluctuations in temperature (5-35?C) and salinity (0-100 ppt) between winter and summer (Dybdahl 1995; Albert et al. 2001) .
Following sexual maturity, females mate once (Burton 1985) and produce up to 12 clutches (40-100 offspring per clutch; Haderlie et al. 1980 ) over their lifetime (-70 days in the laboratory; unpubl. data). In the field, reproduction occurs year-round and populations are capable of rapid growth (Vittor 1971; Powlik 1998 Egloff (1966) pointed out that seasonal variation in splash-pool temperatures may cause fluctuations in the primary sex ratio of natural populations of T. californicus. The response of the population to these fluctuations is dependent on the supply of genetic variation for the primary sex ratio. A proper characterization of this variation is therefore a necessary point of departure for understanding its role in shaping the evolution of the primary sex ratio in T. califomicus.
In this study we define the primary sex ratio as the proportion of males at the time of sex determination. Our primary objective is to provide additional evidence for polygenic variation in the primary sex ratio in T. californicus using the criteria outlined by Bull (1983) . In the first experiment we show that families of T. califoricus exhibit extrabinomial variation in the proportion of males. In the second experiment we show that family accounts for a substantial portion of the total variance in sex phenotype and that the proportion of males is correlated between split clutches (of full-siblings) reared at two different temperature treatments. In the third experiment we show that the proportion of males in families of full-siblings is correlated between generations.
Our second objective is to estimate heritabilities and genetic correlations of the sex phenotype in T. californicus. Assuming zygotic control, we use a polygenic threshold model (Bulmer and Bull 1982; Roff 1997 ) to estimate the fullsibling and the mother-offspring heritability of sex tendency in experiments 2 and 3, respectively. In experiment 2, we also estimate the full-sibling genetic correlation in sex phenotype across the two temperature treatments.
MATERIALS AND METHODS

Experiments 1-3: Sex Identification and the Larval Mortality Correction
In all three experiments we sexed individuals once they reached sexual maturity (20-30 days after hatching). At this stage of the life cycle, males are easily distinguishable from females by their enlarged geniculate antennae. In cases where an individual's sex could not be identified at the time of assay (i.e., dead, missing, or sexually immature individuals), the individual was assigned to the less common sex for that family. Assigning unidentified individuals to the less common sex is a conservative approach for detecting variation in the primary sex ratio among families (Bull and Vogt 1979; Conover and Kynard 1981; Bull et al. 1982a ). This protocol will hereafter be referred to as the "larval mortality correction." In the summer of 1999, we reared and mated 60 T. californicus females (F1) whose offspring comprised the second laboratory-born (F2) generation of field-captured individuals from several locations around Victoria and Bamfield, British Columbia. The F2 offspring of these Fl females will hereafter be referred to as a "family."
After the F2 generation hatched we randomly selected groups of 20 full-siblings from each of the 60 families. We assigned each family of 20 full-siblings to a 24-well tissue culture plate. Families were nested within plates because randomizing 1200 F2 individuals across 60 plates was not logistically feasible. Within this family plate, each full-sibling was allocated to its own well with 2.5 ml of filtered seawater and reared on a diet of Isochrysis galbana cells and Tetramin (TetraSales) flakes. Plates were stored in an incubator at a temperature of 20?C with no light. Families were assayed for the proportion of males after 18 days.
Mortality in experiment 1.-There was almost no mortality in the first experiment (mortality < 1%), therefore we did not use the larval mortality correction. To compare the observed distribution of the primary sex ratio among families with the binomial expectation we used a chi-square goodness-of-fit test. To circumvent problems with small expected frequencies and excessive Type I error, families with six or fewer males (proportion of males -0.30) were grouped and families with 14 or more males (proportion of males-0.70) were grouped.
Experiment 2: full-sibling design
Statistical test of family effects and the estimation of variance components.-Prior to estimating the heritability of sex tendency it is useful to determine whether there is a genetic basis to the sex phenotype (Roff 1997 ). For the full-sibling design in experiment 2, rearing two clutches in separate vials allows us to separate clutch effects (and all the sources of variation contained therein) from family effects (Roff 1986 (Roff , 1997 . Family should account for a significant proportion of the total variance in sex phenotype if this variance has a genetic component in T. californicus.
Following Roff (1997) we used nested ANOVA to establish the statistical significance of family and clutch effects on the sex phenotype. Family and clutch are modeled as random factors and female and male individuals are coded as '0' and '1', respectively. Individual offspring were nested inside clutches and clutches were nested inside families. The nested ANOVA generated three variance components of sex phenotype: (1) among-family; (2) among-clutch (within-family); and (3) among-offspring (within-clutch) variance component. These three will hereafter be referred to as the "family," "clutch," and "offspring" variance components of the sex phenotype, respectively. In the next section we use these variance components to calculate the heritability.
Full-sibling heritability of sex tendency.-Under zygotic control, the sex phenotype can be analyzed using the polygenic threshold model (see introduction; Bull et al. 1982; Bulmer and Bull 1982; Roff 1997) . The first step is to calculate the heritability on the observed scale (0, 1 data for females vs. males), the heritability of sex phenotype (hol). We used the variance components from our nested ANOVA and equation 2.30 in Roff (1997) 
Here p is primary sex ratio for all the individuals in the sample (see Table 1 ) and z is the ordinate on the standardized normal curve that corresponds to a probability of p. Approximate standard errors for the full-sibling heritability estimates were calculated using equation (2.50) in Roff (1997).
In both the summer and fall assay, our split-clutch design allows us to estimate the full-sibling heritability of sex tendency in T. californicus at each temperature treatment. Thus, we have a total of four full-sibling heritability estimates: summer assay at 15?C (S15), summer assay at 22?C (S22), fall assay at 15?C (F15), and fall assay at 22?C (F22). We calculated a combined heritability of sex tendency by taking the average of these four estimates and their standard errors.
The genetic correlation in sex phenotype across two environments.-The same character expressed in two different environments can be thought of as two characters that are genetically correlated (Falconer 1952) . If there are no genotype-by-environment (G X E) interactions, the character is determined by the same set of genes in both environments and the genetic correlation is expected to be highly positive. Conversely, any genetic correlation across environments that is significantly less than one indicates the existence of G x E interactions (Yamada 1962) .
In experiment 2, for both the summer and fall assay we used a design where groups of 20 full-siblings from the same clutch were reared at two different temperature treatments 
where COVm(15oC,22oC) is the covariance of the family proportion of males between the two environments (15?C and 22?C) and varm(l^5c) and varm(22-c) are the variances of the family proportion of males for each of the two temperature treatments (Via 1984 ). This method is an approximation because each term in equation (3) contains a within-family error component; however, the observed correlation in sex phenotype approaches the true genetic correlation as family size increases (Via 1984) . The r2-value from these correlations can be used to estimate the proportion of genetic variation in the sex phenotype that is due to pleiotropy (Via 1984) . Confidence limits of the genetic correlation were calculated using Tukey's jackknife method (Sokal and Rohlf 1981). We did not use the z-transformation because it excludes confidence limits greater than 1.0. (Janzen 1992). Note, we did not transform rm to the underlying scale of sex tendency; therefore, our estimate measures the genetic correlation in the sex phenotype between the two temperature environments.
The larval mortality correction.-For the full-sibling design in experiment 2, the statistical significance of family and clutch effects on sex phenotype were calculated for the original and for the larval mortality corrected data. Likewise, we recalculated the four heritability estimates (S 15, S22, F15, F22), and the genetic correlations following the larval mortality correction. 
ordinate on the standardized normal curve (zi) that corresponds to the proportion of males in that family (pi). The transformed value (zi) approximates an individual's phenotypic value on the underlying scale of sex tendency (Roff 1986, 1997). These phenotypic values (sex tendencies) are normally distributed. After calculating the sex tendencies (zivalues) for the mothers (F1 families) and their offspring (F2 families), analysis proceeds as usual for a normally distributed trait (Roff 1986, 1997).
The heritability of sex tendency (h2) was calculated as twice the slope of the mother-offspring regression of sex tendency. Because the number of F2 offspring varied considerably between families (range = 2-90), we repeated the analysis after weighting the F2 sex tendency by the square root of its family size. Standard errors of heritability estimates were calculated following Becker (1984).
RESULTS
Experiment 1: Variation in the Primary Sex Ratio
In experiment 1, the primary sex ratio of the population (averaged over 60 families with 20 offspring per family) was 0.54 ? 0.025 and was not significantly different from 0.50 (P = 0.131). However, the average family contained significantly more sons or more daughters than expected from a binomial distribution (X2 = 58.5, df = 8, P < 0.001; Fig.  1 ). The small excess of 50/50 families (i.e., proportion of males = 0.5) in Figure 1 reflects the larval mortality correction (i.e., unidentified individuals assigned to the less common sex in that family). phenotype is significantly different from zero at both 15?C and 22?C (Table 1, Fig. 2) . The clutch variance component in sex phenotype is statistically significant for all four season and temperature combinations (Table 1, Fig. 2 ). In the summer assay the clutch variance component is much larger than the family variance component (Table 1, Fig. 2) . We did not pool clutches for each family because this would have added a substantial nongenetic component to our heritability estimates (see Discussion). After correcting for larval mortality, the family and clutch variance components are slightly smaller but the pattern of significance remains the same (Table 1, Fig. 2) .
Full-sibling heritability of sex tendency.-Averaged over the four combinations of season and temperature, the heritability of sex tendency in T. californicus is 0.13 + 0.040 (range = 0.00-0.24). The heritability estimates were higher in the fall than in the summer assay and were also higher at the lower temperature treatment (Table 2) (Table 2) . The genetic correlation in sex phenotype across two environments.-For both the fall and summer assay the genetic correlation (rm) in sex phenotype across the two temperature treatments is positive and significantly different from zero (Table 3) . In both assays, the upper 95% confidence limit of rm does not include +1, indicating the presence of genotypeby-temperature interactions. That only 35% of the genetic variance in sex phenotype can be attributed to pleiotropy (r2 = 0.35) suggests that these genotype-by-temperature interactions are large. Correcting the data for larval mortality does not affect this conclusion (Table 3) tively. These h2 estimates will be upwardly biased if there are sex-specific mortality differences among families because we did not use the larval mortality correction in experiment 3.
DISCUSSION Evidence for Polygenic Variation in the Primary Sex Ratio in Tigriopus californicus
Our experiments provide additional evidence for the existence of polygenic variation in the primary sex ratio in T. californicus. In the first experiment, the observed variation in the primary sex ratio among families cannot be accounted for by Mendelian segregation of sex chromosomes. In the second experiment, the significant variance component among families (fall assay) suggests a polygenic basis for the variance in sex phenotype. This conclusion is further supported by the covariance in the proportion of males between temperature treatments (experiment 2) and between the F1 and F2 families (experiment 3).
Further support for polygenic variation in the primary sex ratio in T. californicus comes from the work by Egloff (1966) and from the selection experiments of Ar-Rushdi (1958). Egloff (1966) 
Assumptions of Our Heritability of Sex Tendency Estimates
Our approach for estimating the heritability of sex tendency makes three important assumptions. The first is that all offspring from the same mother are full-siblings (Bull et al. 1982a; Roff 1997 ). This assumption is likely to be met, because sperm competition and multiple paternity do not occur in Tigriopus (Burton 1985) .
The second assumption is that the covariance among relatives is the result of additive genetic effects. Violation of this assumption includes dominance, epistasis, maternal effects, environmental effects, major genes, and sex-linked loci. With the exception of dominance and environmental effects (see below), we are unable to address these problems in the current study.
Finally, as mentioned in the introduction, the analysis assumes that the genetic variation in the primary sex ratio is under zygotic control (Bull et al. 1982a; Bulmer and Bull 1982) . Our rationale for choosing the polygenic threshold model as a putative description of the sex-determining mechanism in T. californicus was primarily based on reports of ESD in this species (Vacquier 1962 
Heritability of Sex Tendency in Tigriopus californicus
Here we report the first heritability estimates of sex tendency in T. californicus. The mother-offspring heritability estimate (h2 = 0.31) is comparable to the full-sibling estimates from the fall assay (Table 2) . From theory, we would expect the mother-offspring h2 to be lower than the fullsibling estimates (Falconer 1989 ). The mother-offspring covariance is not affected by dominance and is less likely to be influenced by maternal effects than the full-sibling covariance (Falconer 1989) . Error in the estimate of the mother's phenotypic value (sex tendency) should result in a conservative mother-offspring h2 (Roff 1986 (Roff , 1997 ).
We did not correct for larval mortality in experiment 3 and so it is possible that the mother-offspring h2 is inflated by sex-specific viability differences between families. However, the association between low heritabilities and low survivorship in experiment 2 (S15, S22; Table 2 ) argues against such a bias and suggests that larval mortality is random with respect to sex.
The standard error of the mother-offspring h2 (+ 0.216) is more than five times larger than that of the combined fullsibling h2 (+ 0.040). This lack of precision is partly due to reduced sample size (n = 17) in the mother-offspring design and again because the estimate of the mother's phenotypic value is relatively imprecise (Roff 1986 (Roff , 1997 . In addition, the standard error may be large because each F2 family contains a mix of full-siblings and cousins (due to pooling) and this increases the variance in the phenotypic values of the offspring.
In experiment 2, the families in the summer assay were obtained from field-captured females. In contrast, families from the fall assay were sampled from two populations that had been cultured under constant laboratory conditions for four to six generations. A more variable maternal environment in the field may have lowered the full-sibling estimates in the summer assay, although other studies have found no consistent differences between field and laboratory estimates (Weigensberg and Roff 1996) . More likely, the nonexistent h2 of the summer assay at 22?C was caused by the low survivorship of nauplii (81.9%) in this replicate.
As recommended by Roff (1997), experiment 2 demonstrates the importance of rearing offspring in separate cages to estimate the contribution of cage (clutch) to the total phenotypic variance. Clutch and all the nongenetic components included therein (e.g., maternal age, maternal condition, parity, larval density, food levels) accounted for a significant proportion of the total variance in sex phenotype (Table 1) . If we had pooled the clutches for each family, as is commonly done (Roff 1986 (Roff , 1997 Mousseau and Roff 1989) , the average heritability of sex tendency (for the original data) would be 0.29 ? 0.068 (range = 0.27-0.31). This pooled estimate is higher than the nonpooled estimate (Table 2) In this study, the variation in the primary sex ratio in T. californicus may be under zygotic, parental or cytoplasmic control. For each mode of control, we expect a different pattern of covariance in the primary sex ratio among relatives. These patterns are outlined below.
In the polygenic threshold model, parents make an equal genetic contribution to the sex phenotype of their F1 offspring. In the absence of maternal effects, the father-offspring and the mother-offspring heritabilities are expected to be equal (Roff 1986 ). In contrast, if variation in the primary sex ratio is under maternal control the father-offspring heritability will be zero. However, the maternal grandparent-offspring heritability is expected to be equal for the two sexes (grandmother vs. grandfather) because both contributed equally to the genotype of their daughters. Under maternal transmission of sex factors, the covariance in sex phenotype between males and their descendants (F1, F2, etc. ) is expected to be zero. Future experimental designs need to distinguish between these alternative mechanisms (zygotic, parental, cytoplasmic) of sex determination in T. californicus.
